ABSTRACT. Observed currents, temperature, and salinity from moored instruments on the Louisiana continental slope and shelf reveal multiple baroclinic oscillations during Hurricane Andrew in August 1992. These measurements are supplemented by numerical models in order to identify possible internal wave generation mechanisms. The Princeton Ocean Model is run with realistic topography, stratification, and wind forcing to extend the observations to Mississippi Canyon and other areas on the shelf. A two-layer isopycnal model is used with idealized topography and spatially uniform winds to isolate internal waves generated in and around the canyon. The combination of the observations and the results from the numerical models indicates several possible mechanisms for generating long internal waves: (1) near-inertial internal waves were generated across the slope and shelf by dislocation of the thermocline by the wind stress; (2) interaction of inertial flow with topography generated internal waves along the shelf break, which bifurcated into landward and seaward propagating phases; (3) downwelling along the coast depressed the thermocline; after downwelling relaxes, an internal wave front propagates as a Kelvin wave; and (4) Poincar6 waves generated within Mississippi Canyon propagate seaward while being advected westward over the continental slope. These processes interact to produce a three-dimensional internal wave field, which was only partly captured by the observations.
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Baroclinic Oscillations Observed on the Shelf and Slope
The LATEX moorings (see Table 1 The buoyancy frequency N is greatest at the thermocline, where high-frequency internal waves (N = 25 cycles per hour (cph)) would be generated. However, the sampling interval of 30 min does not resolve any of these internal waves.
The inertial period (IP) at the latitude of the moorings ranges from 25.9 hours (frequency of 0.927 cycle per day (cpd)) to 26.4 hours (frequency of 0.909 cpd). In this paper, we refer to frequencies within 20% above the local inertial frequency f as near inertial (see Kundu [1976] 
for a discussion). The inertial period is very similar to the diurnal O• astronomical tidal period of 25.8 hours (frequency of 0.93 cpd). Because of the similarity in the inertial and O• tidal frequency, all observed time series of currents had the five largest tidal components (M2, S2, N2, K•, and O•) removed (C94).
Inertial flows are correlated with synoptic wind forcing on the Louisiana shelf Chen and Xie, 1997] . Forced near-inertial oscillations are generated when variations in the wind stress are in phase with near-inertial oscillations in the mixed layer [Schott, 1971] . When this occurs, the oscillations will reach maximum amplitude. During Hurricane Andrew, the wind vectors rotated counterclockwise (CCW) on the western side of the storm track, and thus no correlation is expected. The wind rotated clockwise (CW) at near the inertial frequency along the storm track. The CW rotation increased away from the track to the east and was twice the inertial frequency at Grand Isle (see Figure 1 for location) . Consequently, the wind rotation and the near-inertial oscillations are not directly correlated at moorings located more than 1 R•. east of the storm track. We thus expect to find the maximum nearinertial oscillation amplitudes in the observations from near the storm track.
This section presents evidence for baroclinic oscillations using time series of currents, temperature, and salinity at the moorings listed in Table 1 . The frequency dependence of these data is examined by using power spectra of the observations. Previous observational and modeling studies show that the following waves should be present: (1) barotropic edge waves and continental shelf waves [Fandry and Steedman, 1994] , (2) barotropic and baroclinic Kelvin waves [Fandry et al., 1984; Beletsky et al., 1997] , (3) inertial waves , and (4) superinertial internal waves [e.g., Niwa and Hibiya, 1997]. It is not expected that all of these oscillations will be discernible from the observations, however, because of the presence of dominant waves and a background spectrum. It therefore will be necessary to use numerical models to further elucidate the generation of baroclinic oscillations during the storm.
Current Vectors
The time series of currents measured at the LATEX moorings are presented in Figure 3 . The power spectra of current magnitudes (Figure 4) were calculated by using fast Fourier transforms (FFD after removing the mean. The sampling interval is 30 min. These data will be used to analyze baroclinic oscillations generated by the hurricane's passage. The lower frequencies (less than 0.35 cpd) are expected to be aliased because of the record length of only 10 days. This very low frequency motion will not be discussed.
The current magnitudes at both meters at mooring 12 ( Figure 3a ) reveal a strong oscillation at near the inertial frequency (Figure 4a ).
The current vectors rotated CW, with the surface and bottom currents 180 ø out of phase (Figure 3b ). Plotting these currents by using hodographs (not shown) indicates a mean southwesterly barotropic current parallel to isobaths, with surface currents greater than 0.3 m s -• after the storm peak. The power peak at 0.375 cpd indicates subinertial barotropic motion with a period of 64 hours. The current variance decreases steadily at superinertial frequencies. For most of the moorings, this high-frequency motion is significantly less than the near-inertial and subinertial bands. Although these internal waves are important, it is not practical to closely examine them in the present study. Thus we limit our discussion to internal waves with near-inertial and subinertial periods only. Using 8 months of observations at the LATEX moorings, Chen et al. [1996] found that near-inertial oscillations are greatest at mooring 13 and decrease both landward and seaward. This appears to be the case for the hurricane flow as well. The strongest and most recognizable near-inertial oscillations were generated at mooring The surface currents at mooring 14 contain oscillations that are initially in phase with mooring 13. The surface current variance (Figure 4c ) is greatest at the near-inertial frequency of 1.03 cpd (period of 23.3 hours). The inertial currents below the mixed layer have an initial phase lag of 6 hours, but they are damped within a few days. The subinertial peak at 0.468 cpd (period of 51 hours) is the dominant frequency at the lower current meter instead. This peak appears to represent a barotropic flow. Moorings 13 and 14 are 37.5 km apart, which is very close to R•. for the hurricane. The correlation between the initial response at moorings 13 and 14 thus implies that the storm wind field simultaneously generated the initial mixed layer perturbation at these moorings on August 26.
The upper current meter failed at mooring 15 ( Figure 3a ) and the record is incomplete. The currents appear to be barotropic prior to failure, however. The dominant power peak (Figure 4d ) at 0.468 cpd is also present at mooring 14.
The along-shelf correlation distance for the LATEX shelf is about 300 km , but the length scale for the storm, R•,, is only 40 km (KG99). Thus the correlation between currents at the eastern and western moorings is expected to be insubstantial. Mooring 18 is located approximately 2 R},, west of the storm track, and consequently, the storm currents (Figure 3a) were weaker. Surface flow was to the west (Figure 3b) for most of the measurement interval except on JD 239, when the strongest currents were eastward in response to the local wind stress. The current variance (Figure 4e ) at the surface is distributed between nearinertial and subinertial frequencies.
The dominant power peak (Figure 4f ) for surface currents at mooring 19 is at 0.75 cpd (period of 32 hours). Inertial motion is weaker than subinertial, but CW rotation is apparent in the current direction at the bottom after JD 236 (Figure 3b) , becoming important at the surface after JD 240. The current variance at the bottom is also greatest at 0.75 cpd, as at mooring 13, but the inertial peak is smaller. Subinertial motion at both meters also occurs at 0.468 cpd, which is dominant at the lower current meter. This lowfrequency motion is present at both western moorings, as well as A  B   JULIAN  DAY  JULIAN DAY   234  236  238  240  242  244  246  234  236  238  240  242 5d) contains a transient signal like the one at mooring 14 but without a net increase in temperature. Neither meter has a strong near-inertial peak (Figure 6d ). In fact, the spectra are biased to subinertial tYequencies. There was a net cooling of the water column, possibly caused by local runoff or advection from offshore. Using water level and temperature data, KG99 show that an internal Kelvin wave generated at the coast during downwelling could produce the transient temperature response observed on the shelf. This mechanism is discussed by Csanady [ 1984] , Millot and Crepon [1981] , and Beletsky et al. [1997] . Strong forcing such as that during a hurricane would produce a nonlinear wave with a steep front [Bennett, 1973] , as observed at moorings 14 and 18.
Salinity
The observed near-surface salinity record (Figure 7a ) at mooring 12 is similar to temperature but with less high-frequency variability ( Figure 8a ). There is a subinertial peak at 0.375 cpd, a broad nearinertial peak, and a smaller peak at 2.4375 cpd (period of 9.8 hours). The response is visible for only 2 days, however.
The salinity at the upper meter at mooring 13 (solid line in 
Simulating Internal Wave Generation With Realistic Topography and Forcing
The observations discussed in section 2 indicate that internal wave generation on the Louisiana continental shelf and slope was a complex process that extended beyond the available mooring arrays. The limited measurements prevent different generation mechanisms from being fully explored without the use of numerical models. Consequently, a numerical hindcast has been completed by using realistic forcing and bathymetry in order to resolve the interaction of the storm flow and the coastal topography better. It is not feasible to use this model to explain the detailed dynamical relationships between observations at the different moorings. Before proceeding to an analysis of internal wave generation, the model results will be compared with the observations to qualitatively determine how confident we can be in using them where measurements are lacking. The model will then be used to examine regional internal wave generation during the hurricane. the inertial period. Therefore tidal forcing is neglected in the simulation so that the inertial response can be evaluated more effectively. During the spin-up interval, near-inertial oscillations were generated at the continental slope. The damping time for nearinertial oscillations in the model (see Figure 9 ) is more than 6 days, although this varies with location. However, this is not a significant measure of model stability because near-inertial oscillations are ubiquitous on this shelf. What is more important is that the magnitude of the prestorm currents is similar to the observations or small enough to be insignificant. Comparisons using a model with a spin-up interval of 5 days showed degradation in model skill, because of the lack of near-inertial oscillations prior to the storm.
Comparison of POM Results With Observations
The wind and wave fields used to force the POM end at 0000 (Figure 10a ) with a near-inertial peak matching the observations. A second near-inertial peak is predicted at a higher frequency but with less power than that observed. The model has more power at the subinertial frequencies.
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The model-predicted surface currents at mooring 13 (Figure 9b ) have low amplitudes and a slowly increasing phase error. The model spectrum (Figure 10b ) is similar to the observations, but with a lower near-inertial peak and a strong subinertial peak. The phase error is caused by a shift of the near-inertial peak to a higher frequency. Note, however, that several superinertial peaks are predicted by the model. The hindcast surface currents at mooring 14 (Figure 9c ) have small phase errors, but the maximum current is 50% high. This behavior is explained by the power spectra (Figure 10c) . The model has a near-inertial peak that almost exactly matches the observations. This peak is somewhat stronger, however. The subinertial peak is much larger as well. Several higher frequency peaks are absent in the observations at this mooring. The model results include these peaks with reduced amplitudes.
The hindcast surface currents at mooring 19 (Figure 9d ) match the observations during the hurricane's passage but diverge significantly afterward. This behavior is probably due to the lack of wind forcing after the storm. The currents are out of phase by JD 240.0 because the near-inertial peak (Figure 10d ) is very weak in the observations. The observations reveal a strong subinertial peak at 0.82 cpd (period of 29.2 hours). The model predicts a maximum peak at 0.586 cpd and a smaller peak at a near-inertial frequency. Note also the observed superinertial peak at 1.406 cpd (period of 17 hours), which is reduced in the model. The model does predict some of the higher-frequency motion, however.
This study focuses on mechanisms of internal wave generation. Therefore predicting temperature and salinity distributions is not a primary concern of the numerical hindcast effort. Nevertheless, it is useful to have the most accurate initial density distribution possible in order to capture local baroclinic processes in different water depths. Despite using depth-dependent initial temperature and salinity fields, we expect the model to predict less variability in the higher-frequency pan of the spectrum because of local effects. In fact, the observed currents (Figure 10 Figures 1 ld and 1 l e) are also similar to the observations. The discrepancies at moorings 12 and 13 are very likely partly attributable to an eddy because there is no analogous trend in the measured salinity time series (Figures 7a and 7b) . that for a narrow canyon [Allen, 1996] . There is also evidence of an anticyclonic eddy at the bottom (labeled 3a in Figure 13b ). The surface expression of this weak gyre is masked by the wind-driven currents, however, as indicated by the dashed line used for eddy 3a in This general similarity extends to the generation of eddies discussed The water column on the continental shelf and slope prior to above. Hurricane Andrew can be approximated as a two-layer system. As The generation of internal waves within Mississippi Canyon can is shown by Plates 1 and 2, internal waves are generated at the be examined by using cross sections along the canyon axis (see thermocline by the wind. These oscillations are readily studied by close to the generation region [Petruncio, 1998 ]. Farther away, these waves also tend toward a mode 1 baroclinic structure. Idealized models have proven useful to examine the interaction of stratified shelf and slope flows with topography [e.g., Allen, 1996; Carrasco, 1998 ]. Thus it is advantageous to simulate internal wave generation during Hurricane Andrew by using a two-layer isopycnal numerical model.
Shallow Water Model
The Shallow Water Model (SWM) [Allen, 1996] The wave front associated with this flow propagates seaward as a Poincar6 wave, followed by an oscillatory tail due to dispersion [Gill, 1982] . Eliminating the internal waves generated over the slope reveals these waves in the SWM results. Since the internal waves are parallel to the isobaths for the simple model bathymetry, the interface height far from the canyon, but at the same Y location, can be subtracted at every grid point. The result is a map of interface dislocations associated with the Poincar6 waves only (Figure 17) . Holloway [ 1996] , because baroclinic rather than barotropic currents force it.
Discussion and Summary
Observed currents, temperature, and salinity from moored instruments on the Louisiana continental slope and shelf reveal multiple baroclinic oscillations during Hurricane Andrew. In addition to turbulent mixing, the current meters near the storm track recorded internal waves that were dominantly near inertial on the shelf and slope. A barotropic subinertial signal also indicates that continental shelf waves were generated near the storm track. More than 2 Rw west of the track, the response was dominantly subinertial. Superinertial internal waves were also present. These measurements are supplemented by numerical models in order to identify possible internal wave generation mechanisms in areas not covered by the observations. The Princeton Ocean Model was run with realistic topography, stratification, and wind forcing. The model-predicted currents reveal power peaks at near-inertial and subinertial frequencies that match the observations. A comparison between model-predicted currents and temperature reveals the presence of significant variability in the observations that does not appear to be caused by local storm wind forcing. These effects include precipitation and runoff, internal waves and continental shelf waves originating before the storm and from other areas, deepwater flows such as eddies, and astronomical tides. Temperature and salinity measurements are especially sensitive to these factors.
The model predicts eddies generated by interaction of the storm flow with Mississippi Canyon. However, the development of these eddies differs substantially from previous reports [e.g., Klinck, 1996; Allen, 1996; Hickey, 1997], because of the highly rotational hurricane winds and the presence of the Mississippi River delta to the east. An examination of the depth anomaly for the 26øC isotherm shows that an internal wave front is a likely contributor to the observations at the western moorings. The model also shows the complex interaction of internal waves generated at the thermocline with the shelf topography. The thermocline anomaly, bottom currents in the canyon, and temperature within the canyon all reveal internal waves generated within the canyon. However, the complexity of the model predictions prevents the unequivocal identification of these waves.
A two-layer isopycnal model (SWM) [Allen, 1996] is used with idealized topography and spatially uniform winds to isolate internal waves generated in and around Mississippi Canyon. This model reproduces mode 1 baroclinic oscillations associated with the canyon and the continental shelf and slope only. The results are in agreement with the POM simulation, but there is significantly less noise. Internal waves generated over the shelf break in both models result from divergence of shelf and deepwater storm flows. These waves propagate seaward in both models. The SWM results also reveal a landward propagating phase and a second internal wave located over the slope, which propagates seaward. Along-axis flow within the canyon generates Poincar6 waves in both models' the seaward propagation speed is predicted to be 0.5 m s -• by both models. The interaction of these waves with the deepwater flow and other internal waves is revealed in the POM-predicted thermocline anomaly.
The combination of the observations and the results from the numerical models indicate several mechanisms for generating long internal waves: (1) near-inertial internal waves were generated across the slope and shelf by dislocation of the thermocline by the wind stress; (2) interaction of inertial flow with topography generated internal waves along the shelf break, which bifurcated into landward and seaward propagating phases; (3) downwelling along the coast depressed the thermocline; after downwelling relaxes, an internal wave front propagates as a Kelvin wave; and (4) Poincar6 waves generated within Mississippi canyon propagate seaward while being advected westward over the continental slope.
These processes interact to produce a three-dimensional internal wave field, which was only partly sampled by the observations. The use of numerical models with different characteristics has made it possible to identify individual internal wave generation mechanisms and examine their complex interaction. The prediction of several of these internal waves by both models supports the use of numerical models to assist in analyzing complex baroclinic flows in coastal regions. Because of this combined approach, this study shows that the baroclinic response to hurricanes in shallow water can be as important as the barotropic response.
